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SUMMARY 


This  report  presents  the  results  of  tests  conducted  to  evalu¬ 
ate  the  performance  of  spiral  bevel  gears  made  from  YASC0-X2 
steel  when  they  are  operated  without  lubricating  oil. 


Spiral  bevel  gears  made  f r c~  AiSI  9310  steel  and  identical 
gears  made  from  VASCO- X 2  steel  were  run  under  load  in  a  re¬ 
generative  (four-square)  test  stand.  The  purpose  of  this 
testing  was  to  evaluate  the  effect  of  material  propart.es  on 
the  performance  of  sain  power  gears  in  a  nonlubricated  (less¬ 
or  -oil)  environment. 

The  general  conclusions  of  this  report  are  summarized  as 
follows : 

1.  The  attempt  to  measure  gear -blank  temperature  by  the  use 
of  temp-plate  sensors  was  not  successful,  because  the 
sensors  failed  under  exposure  to  oil  and  very  high  temper¬ 
atures-  The  use  cf  thermal  crayons  for  the  relative 
measurement  of  gear-blank  temperature,  however,  was  suc¬ 
cessful,  in  that  comparative  temperature  determinations 
were  made  between  the  various  tests. 

2-  The  gear  steel  compositions  used  ir.  this  program  did  not 
show  a  significant  difference  in  operating  time  C non¬ 
lubricated)  at  the  full  load  level. 

3.  The  increased  backlash  (approximately  2  to  1)  resulting 
i.rcm  the  original  regrind  of  the  test  specimens  appeared 
to  be  insufficient  to  accoasiodate  the  thermal  expansion 
experienced  during  the  nonlubrication  testing  at  the  100- 
oercent  and  85-nercent  load  levels. 
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INTRODUCTION 


The  objective  of  this  program  was  to  investigate  the  potential 
of  improving  the  survivability  time  of  the  main  power  spiral 
gears  in  an  emergency  nonlubricated  environment  by  experimen¬ 
tally  testing  bevel  gears  fabricated  from  a  carburized,  high- 
hot-hardness,  tool  steel. 

Considerable  effort  has  been  expended  by  industry  in  recent 
years  in  the  development  of  failsafe  rolling-el ament  bearing 
designs  with  the  capability  of  emergency  operation  in  a 
hostile  (loss  of  oil)  environment  for  a  reasonable  length  cf 
time.  However,  the  practicality  of  extended  survivability  for 
a  helicopter  power  transmission  is  also  dependent  on  the  final 
development  of  a  failsafe  power  gear  train  and  a  supporting 
bearing  system. 

The  results  of  several  recently  completed  gear  test  programs 
by  Boeing's  Vertol  Division  have  indicated  that  the  high-hot- 
hardness  characteristics  of  VA3CO--X2  steel  have  the  potential 
for  improved  performance  in  a  high-load  and/or  high-temperature 
operating  environment. 

This  report  presents  the  results  of  a  program  conducted  by 
Vertol  to  evaluate  the  performance  in  a  nonlubricated  environ¬ 
ment  of  main  power  spiral  bevel  gears  manufactured  from  the 
currently  used  gear  steel,  AISI  9310  (AMS6265) ,  and  from 
VASC0-X2  steel. 
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TECHNICAL  APPROACH 


BACKGROUND 


Previous  development  efforts  to  improve  power  transmission 
gear  materials  have  not  considered  high-hot-hardness  character¬ 
istics  and  emergency  operation  under  no-oil  conditions.  The 
need  for  improved  gear  materials  has  usually  been  based  on  the 
desire  for  higher  load-carrying  capacity  without  increases  in 
gear  size.  This  requirement  has  resulted  in  an  effort  to 
improve  core  strength  and  hardenability.  In  the  past,  gear 
steel  development  has  been  essentially  ? imited  to  the  addition 
of  varying  quantities  of  carbon,  chromium,  nickel,  and  molybde¬ 
num  as  alloying  elements.  However,  the  choice  of  alloying  ele¬ 
ments  is  dictated  by  the  effects  of  the  elements  on  the  unifor¬ 
mity  of  carburizing  and  the  compatibility  of  case-core  heat 
treatment.  The  present  standard  gear  material  of  the  aerospace 
industry  is  AISI  9310  steel.  This  material  incorporates  these 
alloying  elements  to  a  degree  and  generally  provides  a  good 
combination  of  properties.  The  current  aerospace  gear  steels 
are  heat-treated  by  conventional  quench  and  tempering  methods. 


In  the  past,  helicopter  main  power  gear  design  -was  based 
primarily  on  bending  fatigue  strength,  usually  resulting  in 
the  selection  of  coarse-pitch  tooth  designs.  This  approach 
has  often  limited  the  surface  durability  in  favor  of  bending 
strength  and  produced  early  surface  failures  (scuffing,  pit¬ 
ting,  etc.).  Scoring  (scuffing)  ?s  a  phenomenon  which  occurs 
when  the  film  of  lubricating  oil  breaks  down  and  permits  metal- 
to-metai  contact  of  the  gear  tooth  surfaces.  This  metal-tc- 
metal  contact  results  in  the  development  of  high  frictional 
heat  which,  in  turn,  tempers  the  gear  tooth  surfaces.  Contin¬ 
ued  operation  under  these  conditions  will  ultimately 


metal  flow,  which  alters  the  tooth  profiles  and 
load-carrying  capacity  of  the  gear  set. 
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Advanced  gear  materials  now  in  the  process  of  development 
indicate  the  capability  to  resist  plastic  flow  at  elevated 
temperatures.  Past  experience  with  heiicoptei  transmission 
operation  during  emergency  conditions  (loss  of  lubrication) 
indicates  that  the  resulting  high -temperature  environment 
requires  a  gear  material  with  the  capabi1 ity  of  resisting 
excessive  erosion  and  softening  of  l  carburized  case,  and 
still  maintain  sufficient  hardness.  The  candidate  materials 
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under  development  that  display  this  potential  are  secondary 
hardening  steels,  similar  to  those  used  in  tour  fabrica¬ 
tion.  These  materials  develop  their  maximum  hardness  by 
tampering  between  950°F,and  1100CF.  Thermal  exposure  of  these 
materials  to  temperatures  below  the'  tempering  range  will  not 
significantly  alter  room  temperature  hardness,  as  compared  to 
conventional  carburizing  steels  that  will  display  case  soft¬ 
ening  at  temperatures  as  low  as  350JF. 

STATEMENT  OF  PROBLEM 

The  main  gearboxes  of  current  helicopter  power  transfer 
systems  are  the  heart  of  the  propulsion  system,  charged  with, 
tremendous  responsibility,  for  safe  flight  of  the  entire 
aircraft.  There  are  few  other  types  of  vehicles  which  place 
such  stringent  demands  on  power  gears  and  searings  for  reli¬ 
ability  and  performance.  Combat  operation  of  helicopters  in 
Southeast  Asia  has  shown  that  the  helicopter  oil-cooling 
system  is  susceptible  to  combat  damage  due  to  the  remote 
location  of  coolers  and  blowers  with  their  extensive  plumbing 
systems. 

This  service  experience  (corroborated  by  tests)  indicates  the 
dependence  of  the  helicopter  transmission  system  on  a  contin- 
_  uous  flow  of  lubricating  oil  to  the  main  cover  gears  and 
bearings.  On  the  occasions  when  the  oil  supply  has  been 
interrupted,  the  transmission  /al  times  are  of  extremely 

short  duration,  particularly  in  the  area  of  high  input  speed. 

Interruption  of  this  oil  flow  from  any  cause  would  normally 
dictate  an  immediate  power-off  descent  and  landing.  Under  cer¬ 
tain  circumstances,  such,  as  over  open  water,  over  enemy  terrain, 
or  in  the  dark,  this  would  be  a  hazardous  operation.  It  is 
therefore  obvious  that  a  need  exists  for  prolonging  *-he  safe 
operation  of  the  drive  system  for  approximately  30  minutes 
after  the  loss  of  oil. 

Main  power  gearing*  in  current  helicopter  transmissions  :s 
limited  in  load-carrying  capacity  by  the  fact  that  current 
gear  materials  are  subject  to  early  surface  failues  in  the 
form  of  scuffing,  pitting,  or  spalling.  The  b-vnding  strength 
and  flexural  resistance  of  these  materials  have  not  typically 
imposed  significant  limitations  on  performance. 


The  primary  concern  of  the  transmission  gear  design  engineer 
is  to  provide  adequate  tooth  strength  in  order  to  preclude  the 
possibility  of  catastrophic  failure;  therefore,  gear  materials 
have  been  selected  on  the  basis  of  beam  strength  requirements. 
The  current  family  of  aerospace  carburizing  gear  steels  has 
very  limited  hot -hardness  capability-  Experience  with  these 
steels  has  not  demonstrated  a  significant  effect  in  resisting 
the  scuffing  or  pitting  hazard.  The  implication  is  that  these 
s  .eels  will  not  provide  adequate  survival  time  ’nder  conditions 
of  total  oil  loss,  whereas  a  hct-hardness  steel  could  provide 
for  an  adequate  failsafe  operating  time  period. 

The  contractor  has  conducted  several  pre-grams  under  Government 
and  company  funding  to  evaluate  candidate  advanced  gear 
materials.  One  material  is  identified  by  nomenclature  as 
VASCO-X2  steel.  Several  formal stiens  of  this  high-hot-hardness 
tool  steel  have  been  investigated-  Some  formulations  differed 
in  chemical  composition;  the  percentages  of  both  carbon  and 
tungsten  were  varied.  The  test  data  from  these  programs 
revealed  that  certain  formulations  of  VAS00-X2  steel  permitted 
a  substantial  increase  in  tooth  loading  without  resulting  in 
a  surface  or  bending  tooth  failure. 


TEST  METHOD 


TEST  SPECIMEN  DESIGN 


Spiral  bevel  gears  front  a  previous  Government-sponsored  test 
program  (Contract  DAAJ01-70-C-0453 ( 1G) ,  AVSCOM)  were  used  as 
the  test  specimens. 


Eight  each  spiral  bevel  pinions  and  gears  of  AISI  9310  AMS6265 
steel,  part  numbers  SK23409-1  and  3K23410-1,  were  reground  to 
remove  the  tooth  surface  finish  resulting  from  the  previous 
program  for  use  as  the  baseline  test  gears.  Eight  each  spiral 
bevel  pinions  and  gears  of  VASC0-X2  consumable-electrode 
vacuum-melt  (CVH)  steel,  part  numbers  SK23411-1  and  SK23412-1, 
were  reground  to  remove  the  tooth  surface  finish  from  the 
previous  program  and  were  used  as  the  test  gears  for  comparison 
with  the  baseline  gears.  All  the  test  specimens  were  designed 
to  the  following  general  specifications: 


Diametral  Fitch 
Pitch  Diameter 
Face  Width 
Number  of  Teeth 
Pressure  Angle 
Spiral  Angle 


5.833  (nondimensional) 

Pinion  6.00  inches,  gear  7.372  inches 
1.426  inches 
Pinion  35,  gear  43 
22  degrees  36  minutes 
26  degrees 


The  deta?^  specif icacions  for  the  test  gears  are  shown  in  the 
engineering  drawings,  figures  1  through  4. 


MATERIAL 


The  baseline  spiral  bevel  test  pinions  (SK23409-1)  and  test 
gears  (SK23410-1)  were  made  of  AISI  9310  (AHS6265)  consumable- 
electrode  vacuum-melt  steel.  This  material  is  currently  used 
for  most  helicopter  main  power  gears.  The  remaining  test 
spiral  bevel  pinions  (SK23411-1)  and  test  gears  (SK23412-1) 
were  of  VASCO-X2  (0.15  carbon}  consumable-electrode  vacuum- 
melt  steel.  This  steel  had  shown  premise  of  increased 
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Figure  2. 


Baseline  Test  Gears  (AISI  9310  Steel) — 
Spiral  Bevel  Gear,  Part  No.  SK23410-1. 
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Figure  3.  VASC0-X2  Test  Gears — Spiral  Bevel  Pinion, 
Part  No.  SK23411-1 . 
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VASC0-X2  Test  Gears — Spiral  Bevel  Gear, 
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TEST  APPARATUS 
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TABLE 

* 

H 

H 

CHEMICAL 

COMPOSITION  OF  TEST  GEARS 

Percent  by  Weight 

Element 

AISI  9310  (AHS6265) 
Specified  Actual 

VASCO-X2 

Specified 

CVM 

Actual 

Carbon 

0.07 

to  0.13 

0.11 

0.12  to  0.16 

0.17 

Manganese 

0.40 

to  0.70 

0.75 

0.20  to  0.40 

0.29 

Silicon 

0.20 

to  0.35 

0.37 

0.80  to  1.00 

1.00 

Chromium 

1.00 

to  1.40 

1.33 

4.75  to  5-25 

5.10 

Molybdenum 

0.08 

to  0.18 

0.09 

1.30  to  1-50 

1.50 

Vanadium 

- 

- 

0.40  to  0.50 

0.52 

Tungsten 

- 

- 

1.20  to  1.50 

1.38 

Nickel 

3.00 

to  3.50 

3.25 

- 

- 

Case  hardness 

- 

61  to  62 

- 

62  to  63 

Core  hardness 

- 

44 

- 

36 

Grain  size 

— 

- 

- 

8 

 -  .  -  - - - -  ..  ..  - - 3 

Preceding  page  m 
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test  gear  mesh  oil  jet  for  the  nonlubricated  portion  of  the 
test.  Figure  8  shows  the  configuration  used  for  this  program. 


TESTING  TECHNIQUE 

The  primary  test  variables  were  shaft  torque  and  oil  inlet 
temperature.  Gear  tooth  load  was  a  function  of  shaft  torque, 
which  was  applied  through  a  lever  system  at  the  beginning  of 
each  test  run.  Torque  levels  were  observed  on  a  Strainsert 
SR2  instrument  at  the  beginning  and  end  of  each  test  run. 
Deviation  from  the  initial  target  torque  was  controlled  within 
+5  percent  at  test  startup. 

The  torquemeter  was  calibrated  before  and  after  the  test 
program  on  a  Riehle  deadweight  torsion  test  machine  (Figure  9) . 
Recalibration  curves  agreed  with  the  initial  curves  within 
2  percent.  Test  time  (cycles)  was  determined  by  a  log  record 
of  running  time  and  an  elapsed-time  meter  at  the  test  stand 
console.  Power  was  supplied  by  a  100-hp  electric  motor 
driving  the  input  shaft  through  a  toothed-belt  arrangement, 
maintaining  the  input  pinion  speed  at  3,410  rpm. 

Inlet  oil  temperature  for  the  test  gearbox  was  controlled  at 
190+5°F,  with  an  oil  pressure  of  55+5  psi.  The  oil  used  for 
lubrication  of  the  test  gears  was  MII.-7808-G.  Test  runs  were 
begun  after  the  outlet  oil  temperature  stabilized. 

Before  the  test  runs  were  begun,  deflection  tests  were  con¬ 
ducted  by  mounting  the  test  gears  in  the  test  box,  applying 
specified  loads,  and  rotating  the  gear  set  through  mesh  by 
hand,  to  evaluate  the  contact  pattern  (load  distribution). 

Ti;e  test  procedure  used  for  all  gears  in  this  program  was  the 
same.  Each  gear  set  (spiral  bevel  pinion  and  gear)  was 
installed  in  the  test  gearbox,  with  the  specified  backlash  at 
the  specified  mounting  distance.  The  lubricating  oil  was 
heated  to  190+5°F  and  then  circulated  by  the  pumps.  Torque 
was  applied  after  stabilization  of  the  oil  outlet  temperature; 
the  test  run  began  at  this  point.  The  test  schedule  given  in 
Table  III  was  performed  on  both  the  AISI  9310  steel  and  the 
VASC0-X2  steel  spiral  bevel  gears  as  follows: 


22 


Mach  I  no . 


TABLE  III.  TEST  SCHEDULE 


Percent  Load 

1 

With  Lubrication 

Nonlubrication 

Set 

1/2  Hr 
Run-In 

1/2  Hr 
Run-In 

1  Hr 
Run-In 

30  Min  (Max) 

1 

50 

50 

100 

100 

2 

50 

50 

100 

100 

3 

50 

50 

85 

85 

4 

50 

50 

85 

85 

5 

50 

50 

70 

70 

6 

50 

50 

70 

70  . 

The  run- in  tests  were  used  to  determine  temperature  stabiliza¬ 
tion,  wearing-in  of  the  tooth  profiles,  and  general  system 
checkout.  At  the  conclusion  of  these  runs,  the  gear  tooth 
surfaces  were  visually  inspected  to  evaluate  the  surface 
condition. 

GEAR  STRESS  CALCULATIONS 

To  maintain  a  consistent  and  accurate  rating  practice,  most  of 
the  major  aircraft  companies  and  engine  manufacturers  use 
the  American  Gear  Manufacturer’s  standards  for  strength  rating. 
Although  the  AGMA  gear  rating  formulas  for  strength  and  dur¬ 
ability  provide  for  the  use  of  modifying  factors  to  account 
for  misalignment,  dynamic  conditions,  overload  conditions, 
size  effect,  etc.,  specific  values  for  these  factors  as  appli¬ 
cable  to  helicopter  transmission  gears  do  not  exist.  This 
requires  a  comparison  of  gear  stresses  with  operational  and 
test  experience  gained  in  previous  design  efforts. 

The  methods  and/or  experience  currently  being  used  for 
forecasting  stress  allowables  and  gear  life  in  the  design  of 
helicopter  transmission  gearing  cannot  be  applied  directly  for 
test  specimens  operating  in  gear  research  type  test  stands. 

The  alignment,  rigidity,  dynamics,  etc.,  of  an  RiD  test  stand 
act  to  improve  the  load  capacity  of  the  actual  test  specimens. 
Fast  experience  with  the  Boeing-Vertol  R&D  test  stand  used  for 
this  program  has  indicated  an  increased  load  capacity  for  test 
gears  (depending  on  gear  type)  in  the  range  of  1.5  to  3.0 


tines  the  design  allowables  established  for  aircraft  power 
gears-  Consequently,  it  is  r.gt  practical  to  establish  a  basic 
load  level  for  test  gears  in  the  design  stage  for  R4D  opera¬ 
tion  in  a  test  stand  environment  without  relating  these  loads 
to  standard  design  practice-  Therefore,  it  must  be  expected 
that  baseline  configuration.,  test  gears  will  operate  in  an  R4D 
test  stand  at  stress  levels  above  the  100-percent  load  level, 
which  lias  been  established  for  operation  in  an  aircraft  trans¬ 
mission,  without  failure.  ?  : 

The  100-percent  design  lead  for  the  test  gear  configurations 
utilized  in  this  test  program  was  established  and  defined  as 
that  load  (10,000  inch-pounds  pinion  torque)  which  results  in 
a  bending  stress  of  31,400  pounds  per  square  inch  and  a  Hertz 
stress  of  211,000  pounds  per  square  inch,  which  is  cosoensurate 
with  current  levels  established  for  helicopter  main  power 
spiral  bevel  gears. 

The  test  gear  stress  levels  presented  in  this  report  were  cal¬ 
culated  by  an  existing  Boeing-Vertoi  computer  program  based  cn 
the  Gleason  method  and  the  following  AGMA  standards: 

.216.01  -‘Surface  Durability  (Pitting)  Formulas  for 
Spiral  Bevel  Gear  Teeth 

223.01  -  Rating  the  Strength  of  Spiral  Bevel  Gear  Teeth 

AGMA  Standard  223.01  rates  the  bending  strength  of  spiral 
bevel  gear  teeth  as  follows: 

Cl  .  wt  x  Ko  „  Pd  _  Ks  s  Kn 

-  •>  *-  ~  ~  A  _  ”  A  _  -  «■ 

Kv  F  J 

where  St  =  calculated  tensile  stress  at  root  of  tooth  in 
pounds  per  square  inch 

Wt  =  transmitted  tangential  lead  in  rounds 

Ko  =  overload  factor 

Kv  =  dynamic  factor 

Pd  =  diametral  pitch  at  large  end  of  tooth 

F  =  face  width  in  inches 

Ks  -  size  factor 

Kc  =  load  distribution  factor 

J  =  geometry  factor 
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For  the  test  specimens  in  this  program,  assume  that 


Ko,  Kv  =  1.0 
F  =  1.426 
Pd  =  5.833 

J  =  0.3067  (calculated  by  computer  program) 
Ks  =  0.6416 
Km  =  1.1 

Therefore,  the  test  specimen  tensile  stress  is 

_  Wt  x  1.0  „  5.333  ..  0.6416  x  1.1 
1.0  1.426  0.3067 


St  =  9.421  Wt  (see  Figure  10) 

AGMA  Standard  216.01  rates  the  contact  stress  of  spiral  bevel 
gears  as  follows: 


Sc  =  Cp 


Wt  x  Co 
Cv 


Gs 

dF 


Cm  x  Cf 


where  Sc  =  calculated  maximum  contact  stress  in  pounds  per 
square  inch 

Cp  =  elastic  coefficient  (2,800  for  steel) 

Wt  =  transmitted  tangential  lead  at  operating  pitch 
diameter  in  pounds 

Co  =  overload  factor 

Cv  =  dynamic  factor 

d  =  pinion  operating  pitch  diameter  in  inches 

F  =  face  width  in  inches 

Cs  =  size  factor 

Cm  =  load  distribution  factor 

I  =  geometry  factor 

Cf  =  surface  condition  factor 
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For  the  test  specimens  used  in  this  program,  assume  that 


Co,  Cv,  Cs,  Cf 
F 
Cm 


T  = 

JL.  - 


1.0 

1.426 

1.1 

0.0767  (calculated  by  computer 
program) 


d  =  6.00 


Then, 


Sc 


Sc 


2800 


2800 


/  Wt  x  1.0 
-y]  1.0 

1 1.1  WtX 

-yj  0.6562 


1.0 


6.000  x  1.426 
(see  Figure  11) 


1.1  x  1.0  ' 
0.0767 
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TANGtl.TIAX.  IX>AD  -  POUNDS 


Figure  10.  Tensile  Stress  in  Spiral  Bevel  Test  Gears 


uxz,  -  ro 


Figure  11.  Contact  Stress  in  Spiral  Bevel  Test  Gears 
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TEST  RESULTS 


DEFLECTION  TEST 

Analytical  evaluation  of  the  load-carrying  capacity  of  bevel 
gears  involves  assumptions  regarding  the  nature  of  the  tooth 
bearing  for  the  specific  gear  mountings  under  load.  Unless 
these  assumptions  are  relatively  accurate,  actual  stresses 
may  vary  considerably  from  the  calculated  values,  resulting 
in  a  possible  life  reduction. 

During  manufacture  of  bevel  gears,  the  desired  tooth  contact 
pattern  is  established  from  observation  of  the  pattern  ob¬ 
tained  under  light  load  in  a  gear  tooth  pattern  checker.  It 
is  possible  by  selection  of  grinding  wheel  diameters  and 
grinding  machine  settings  to  vary  the  length,  width,  and 
position  of  a  tooth  bearing. 

With  gear  mountings  that  are  rigid,  the  behavior  of  the  tooth 
bearing  under  lead  is  usually  more  predictable.  Consequently, 
it  is  usually  possible  to  develop  tooth  bearing  patterns  which 
are  based  on  previous  experience.  However,  in  the  case  of 
aircraft  applications,  the  mounting  designs  are  markedly  dif¬ 
ferent,  in  that  rigidity  is  sacrificed  in  favor  of  weight 
reduction.  Therefore,  it  is  seldom  possible  to  accurately 
predict,  during  the  design  stage,  the  type  of  tooth  bearing 
required  at  no  load  in  a  tooth  pattern  checker  in  order  to 
obtain  the  desired  bearing  pattern  in  the  final  gear  mountings. 
A  study  of  the  mounting  design  and  operating  conditions  to¬ 
gether  with  a  judgement  based  on  experience  must  be  used  to 
establish  the  initial  tooth  bearing.  From  this  point,  the 
development  of  the  final  tooth  bearing  is  accomplished  by 
actual  trial  of  the  gears  in  their  final  mountings. 

Tooth  bearing  pattern  evaluations  were  made  at  the  50-percent 
and  100-percent  load  levels  on  the  first  set  of  baseline  test 
gears.  This  was  accomplished  by  applying  rouge  to  the  teeth 
of  the  pinion  member,  m  several  sectors,  and  rotating  the 
gear  set  through  mesh  by  hand.  Results  of  this  deflection 
test  were  considered  to  be  satisfactory  and  are  shown  in 
Figure  12. 
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^EST  DATA 


The  objective  of  this  experimental  test  program  was  to  evaluate 
the  material  effect  on  performance  of  main  power  spiral  bevel 
gears  operating  in  a  nonlubricated  environment. 

A  summary  of  the  test  results  is  shown  in  Table  IV,  which 
contains  the  pertinent  information  obtained  during  the  test 
phase,  including  part  numbers,  serial  numbers,  gear  type, 
load  levels,  and  test  time. 

Load  Schedule 

The  basic  100-percent  design  'load  level  for  all  of  the  test- 
gedrs  was  established  as  3333  pounds  tangential  load  (10,000 
inch-pounds  pinion  torque),  resulting  in  a  bending  stress  of 
31,400  pounds  per  square  inch  and  a  contact  stress  of  211,000 
pounds  par  square  inch  as  calculated  by  the  American  Gear 
Manufacturers  Association  standards. 

•  j  * 

Each  gear  set  was  subjected  to  two  consecutive,  runs  at  the 
50-percent  load  level  with  lubrication,  followed  by  a  one-hour 
run  at  the.  specified  load,  level  with  lubrication.  At  that 
time,  the  lubricating  oil  yjas  shut  off  by  a  remote-controlled 
solenoid,  and  the  test  was  continued  for  one-half  hour  maximum, 
with  no  lubrication  to  the  test  gear  mesh.  During. each  test 
run  vibration  surveillance  was  provided  by  visual  observation 
Of  the  oscilloscope  traces  (see  Figure  13) .  Torque  readings 
were  taken  immediately  after  the  conclusion  of  the  nonlubri- 
cation  testing  to  determine  the  degree  of  torque  lpss.  Figure 
14  presents  a  summary  of  the  torque  losses  for  all  nonlubrica- 
tion  testing. 

i  .  i  * 

Temperature  Instrumentation 

Temperature-sensitive  gages  were  applied  to  the  heel  end  of 
the  spiral  bevel  test  pinions  (see  Figure  15)  in  an  attempt 
to  record  the  blank  temperature  during  the  test  runs,  partic¬ 
ularly  in  the  nonlubricated  testing.  These  gages  were  heat 
sensors, .on  a  plate,  with  self-adhesive  and  hermetically 
sealed  heat-sensitive  elements  which  change  chemical  structure 
at  given  calibrated  temperatures.  Two  individual  plates  were 
used  on  each  test  pinion  in  the  following  ranges:  230°F,  240°F, 
250°F,  2603F  and  350°F,  400° F,  450°F,  50CCF.  Prior  to 
installation  on  the  gears,  several  bench  tests  were  conducted 


TABLE  IV.  GEAR  SPECIMEN  DATA 


Run 

Number/ 

Material 

Load 

(percent) 

Pinion 

(s/n) 

Gear 

(s/n) 

Nonlubr . 
Run  Time 
(minutes) 

1/9310 

100 

A102 

A102 

25 

2/9310 

100 

A103 

A193 

13.5 

3 /VASCO 

100 

A101 

A102 

25 

4/VASCO 

100 

A 104 

A 106 

19 

5/9310 

85 

A106 

A105 

30 

6/VASCO 

35 

A106 

A107 

17 

7/9310 

85 

A 106 

A1C6 

30 

8A7ASCC 

85 

A109 

A10S 

30 

9/9310 

75 

A107 

A]  07 

30 

10/VASCO 

75 

A110 

A110 

30 

11/9310 

75 

A108 

A108 

30 

12/VASCO 

75 

A112 

A113 

30 

i.quro  1,3.  Vibration  Siu.iaturo  Response  of  Test  Gears 


100%  TORQUE  RUNS 


2  3  4 

RUN  NUMBER 


85%  TORQUE  RUNS 


7  6  8 


RUN  NUMBER 


75%  TORQUE  FUNS 


Losses  in  Nonlubrication 


with  400°F  MIL-L-7808  lubricating  oil  to  select  a  protective 
coating  for  the  temperature  gages.  Results  of  this  experiment 
indicated  that  M-BOND  610  gage  cement  would  provide  the  most 
protection  for  the  gages  against  the  lubricating  oil.  However, 
during  the  actual,  testing,  the  gages  either  turned  completely 
black  or  were  removed  during  nonlubrication  testing - 

Temperature-sensitive  crayons  were  used  as  a  backup  method  for 
recording  gear -blank  temperatures  at  the  end  of  the  nonlubrica¬ 
tion  tests.  The  crayons  were  applied  directly  to  the  gear 
teeth  through  the  inspection  cover  at  the  conclusion  of  the 
nonlubrication  testing,  and  the  results  were  recorded.  During 
the  second  baseline  run,  verification  of  the  temperature  evalu¬ 
ation  of  the  crayons  vis  provided  by  using  an  external  pyrom¬ 
eter,  which  indicated  approximately  the  same  temperature  as  the 
crayons . 

Gear  Testing 

Twelve  sets  of  spiral  bevel  gears  were  run  on  the  test  stand: 
six  sets  of  baseline  test  gears  {.AISI  9310  steel)  and  six  sets 
of  VASOO-X2  test  gears. 

Baseline  Test  Gears  -  Each  sat  consists  of  a  pinion,  part 
number  SK23410-1.  and  a  gear,  part  number  SK2 3410-1.  All 
components  were  numbered  serially: 

Set  No.  1  is  pinion  A102  with  gear  A102 

Set  No.  2  is  pinion  A103  with  gear  A103 

Set  No.  3  is  pinion  A 105  with  gear  A105 

Set  No.  4  is  pinion  A1G6  with  gear  A1Q6 

Set  No.  5  is  pinion  A107  with  gear  A107 

Set  No.  6  is  pinion  A 108  with  gear  A 108 

VASCO-X2  Test  Gears  -  Each  set  consists  of  a  pinioi «  part 
number  SK23411-1,  and  a  gear,  pa: t  number  SK23412-I.  All 
components  were  numbered  serially: 


Set 

No.  1 

is 

pinion 

A101 

with 

gear 

A 102 

Set 

No.  2 

is 

pit ion 

A104 

with 

gear 

A 106 

Set 

No.  3 

is 

pinion 

A106 

with 

gear 

A 107 

Set 

Ho.  4 

is 

pinion 

A 109 

with 

gear 

A109 

Set 

No.  5 

is 

pinion 

A 110 

with 

gear 

AliO 

Set 

No.  6 

is 

oinion 

A112 

with 

dear 

All  3 

. . . . mi . . 
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Testing  was  conducted  in  accordance  with  the  load  schedule. 

The  test  procedure  and  the  principal  results  are  given  in 
Table  V  for  the  baseline  gears  and  in  Table  VI  for  the 
VASCO— X2  gears. 

Run-in  testing  was  done  at  the  50-percent  load  level.  Visual 
inspections  of  the  tooth  surfaces  were  conducted  at  the 
conclusion  of  each  run-in  test.  Results  of  these  inspections 
indicated  no  evidence  of  surface  distress  or  oarage.  The  load 
runs  were  conducted  at  increased  loads:  75  to  100  percent 
(se**  Tables  V  and  VI). 


The  nonlubrication  testing  was  conducted  by  shutting  off  the 
oil  supply  to  the  gear  mss h  in  the  middle  of  a  load  run  and 
continuing  the  load  run  until  there  was  a  significant  growth 
in  the  vibration  signature.  A  rapid  increase  in  vibration 
{to  a  level  more  than  two  and  a  half  times  the  level  noted  at 
the  beginning  of  non lubrication  testing)  constituted  a  failure, 
and  the  test  run  was  ended.  This  criterion  was  developed  as  a 
result  of  testing  the  first  baseline  gear  set.  and  it  was  used 
for  all  the  regaining  tests.  Vibration  data  are  given  in 
Tables  VII  and  VIII.  Thereochrcs  crayon  temperatures  are 
given  in  Tables  IX  and  X- 

Pinion-blarik  temperatures  and  torque  losses  {given  in  Table 
XI)  were  checked  after  each  test  within  minutes  of  shutdown. 
Torque  losses  are  attributed  to  the  damage  and  subsequent 
wearing  away  of  material  fr cm  the  contacting  gear  tooth  pro- 
f iles. 


At  the  conclusion  of  the  aonlubri cation  testing,  the  tooth  sur¬ 
faces  of  both  members  (pinion  and  gear)  were  given  a  visual 
inspection.  Photographs  shewing  the  final  condition  of  the 
tooth  surfaces  are  given  in  Figures  16  and  17. 


Baseline  Gear  Set  Huaer  1  -  At  the  end  of  the  run-in  tests,  the 
temperature  gages  were  not  exposed-  After  20  minutes  of  non¬ 
lubrication  testing,  the  vibration  signal  grew  to  approximately 
four  tines  the  signal  seen  at  the  start  of  the  test  run,  and 
the  test  was  ended .  The  rapid  growth  in  vibration  signal 
occurred  in  a  very  short  tine  (seconds) ,  indicating  the  need 
for  constant  visual  surveillance  of  the  oscilloscope-  Visual 
inspection  of  the  gear  teeth  surfaces  at  the  end  of  noniubrica- 
ticn  testing  revealed  severe  scoring  and  metal  f lev,  heat  dis¬ 
coloration,  and  pitchline  pitting,  but  no  cracks-  Metal  was 
transferred  free  the  tips  of  the  teeth  on  the  drive  side  and 
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TABLE  XI.  OBSERVED  DATA  PROM  NONLUBRICATION  TESTING 


Pinion-Blank  Torque 
Load  Duration  Temperatures  Loss 

Set  (percent)  (minutes)  (°F)  (percent) 

Baseline  Test  Gears 


1 

100 

25.0 

650 

to 

1000 

44.5 

2 

100 

13.5 

788 

to 

840 

21.0 

3 

85 

30.0 

430 

to 

570 

13.0 

4 

85 

30.0 

430 

to 

570 

30.0 

5 

75 

30.0 

2  50 

to 

300 

4.0 

6 

75 

30.0 

540 

to 

570 

6.0 

VASCO-X2 

Test  Gears 

1 

100 

25.0 

660 

to 

770 

38.0 

2 

100 

19.0 

570 

to 

660 

27.0 

3 

85 

17.0 

840 

to 

930 

25.0 

4 

85 

30.0 

788 

to 

844 

21.0 

5 

75 

30.0 

390 

to 

430 

4.0 

6 

75 

30.0 

710 

to 

788 

22.0 

deposited  in  the  fillet  root  in  the  form  of  a  iretai  fin  on 
practically  every  tooth  of  the  pinion  member.  The  gear  member 
was  also  heavily  scored,  but  to  a  somewhat  lesser  degree  than 
the  pinion,  with  heavy  wear  indications  at  the  toe  end  of  the 
driven  side.  A  great  deal  of  metal  debris  was  found  in  the 
test  housing.  This  debris  was  in  the  form  of  slivers  and 
splinters.  The  connecting  cross-shaft  to  the  slave  bevel 
gearbox  developed  heat  color  stains  of  ? ight  blue,  violet, 
brown,  and  amber,  in  that  order,  coming  away  from  the  test  gear 
mesh.  Heat  stains  of  comparable  colors  on  4340  steel  (the 
shaft  material)  usually  indicate  a  temperature  of  650°F  to 
7  50°F . 

Disassembly  of  the  test  pinion  was  difficult  due  to  ovality 
of  the  mounting  holes.  In  addition,  several  areas  indicated 
the  initial  stage  of  welding  the  bolts  to  the  mounting  holes. 
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Pinion  Nuaber  A104 


igure  17  -  Continued  {Sheet 
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The  evidence  of  metal  flow  on  the  pinion  gear  teeth  is  a  good 
indication  that  the  temperature  experienced  toy  the  pinion  blank 
was  in  excess  of  1000s?.  The  temperature  gages  were  hissing 
fro®  the  pinion  and  found  in  the  test  housing.  All  of  the 
temperature  dots  on  the  sensor  plates  had  turned  black. 

In  view  of  the  extensive  damage  sustained  during  this  test  run, 
it  ray  be  said  that  this  test  could  have  been  curtailed  ear¬ 
lier.  However,  since  there  was  no  previous  experience  with 
testing  conducted  in  this  environment,  it  was  mandatory  to 
continue  the  test  run  long  enough  to  sustain  a  reasonable 
degree  of  damage. 

Baseline  Gear  Set  Humber  2  -  Inspection  of  the  temperature 
gages  after  run-in  testing  revealed  that  the  lew- temperature 
C230®F,  240eF,  250*F,  2t0*F;  dots  were  exposed.  In  addition, 
one  high- temperature  (35Gef )  dot  was  exposed,  but  this  was 
believed  to  be  the  result  of  a  breakdown  in  the  protective 
coating-  Visual  inspection  of  the  tooth  surfaces  at  the  end  of 
non lubrication  testing  revealed  severe  scoring  and  metal  flow, 
heat  discoloration,  and  destructive  pitting  on  the  drive  side 
of  the  pinion  member.  Heavy  scoring  was  evident  on  the  driven 
side  of  the  sating  gear  member,  along  with  a  lesser  degree  of 
pitting.  Contact  patterns  were  visible  on  the  coast  side  of 
both  members,  indicating  contact  on  both  sides  of  the 
teeth,  which  would  present  evidence  that  the  installation 
backlash  was  taken  up  in  thermal  expansion.  Pinion  blank 
temperature  checks  were  made  within  minutes  of  shutdown. 

Wiese  checks  indicated  that  the  pinion-blank  temperature  was 
between  7S8SP  and  840* F.  This  would  indicate  a  softening  of 
tJiO  rbur ^ ^ IS X  9310  s ^ 


faces  of  both  Benbers  at  the  end  of  nonlubrication  testing  re¬ 
vealed  conditions  very  siaiiar  to  the  third  baseline  test  set. 


toaiKMfiMaik 


Baseline  Gear  Set  Number  5  -  Visual  inspection  of  the  tooth  sur¬ 
faces  at  the  end  of  non lubrication  testing  revealed  moderate  to 
heavy  scoring,  and  moderate  pitting  at  the  pitchline  of  the 
pinion  member.  The  same  condition  prevailed  on  the  tooth 
surfaces  of  the  gear  member,  but  with  less  severity.  The 
pinion  blank  temperature  checks  indicated  a  blank  temperature 
between  250°F  and  300° F,  and  the  230eF  temperature  dot  was 
exposed  as  well. 

Baseline  Gear  Set  Humber  6  -  Visual  inspection  of  the  tooth  sur¬ 
faces  of  both  members  at  the  end  of  nonlubrication  testing  re¬ 
vealed  conditions  very  similar  to  the  fifth  baseline  test  set. 

VASC0-X2  Gear  Set  Number  1  -  After  the  first  50-percent  load 
run-in,  inspection  of  the  temperature  plate  gages  indicated 
that  all  of  the  lower  temperature  and  three  of  the  higher 
temperature  dots  were  exposed.  This  exposure  was  believed  to 
be  the  result  of  failure  of  the  protective  coating  and 
exposure  to  the  lubricating  oil. 

Visual  inspection  of  the  gear  tooth  surfaces  at  the  end  of  non¬ 
lubrication  testing  revealed  heavy  scoring  and  pitting  cn  the 
driven  side  of  the  pinion  member.  Scoring  and  pitting  were 
evident  on  the  driven  side  of  the  mating  gear  member;  however, 
the  damage  was  not  as  severe  when  compared  to  the  pinion 
member.  There  was  no  visible  evidence  of  cracks  on  either 
member.  Contact  patterns  were  visible  on  the  coast  side  of 
both  members#  indicating  that  the  installation  backlash  was 
insufficient  to  counteract  thermal  expansion  during  the  non¬ 
lubrication  testing - 

VASC0-X2  Gear  Set  Number  2  -  Visual  inspection  of  the  gear  tooth 
surfaces  at  the  end  of  nonlubrication  testing  revealed  severe 
scoring  and  heavy  pitting  at  the  pitchline  of  the  pinion 
member.  In  addition,  metal  debris  was  deposited  on  the  coast 
side,  particularly  near  the  heel  end.  The  gear  member  dis¬ 
played  scoring  and  pitting  similar  to  the  pinion,  but  with  less 
severity.  There  was  no  visible  evidence  of  cracks  on  either 
member.  Contact  patterns  were  visible  on  the  coast  side  o.' 
both  members,  indicating  that  the  installation  backlash  was 
insufficient  to  counteract  thermal  expansion  during  the  non¬ 
lubrication  testing. 


VASCO- X 2  Gear  Set  Number  3  -  Visual  inspection  of  the  gear  tooth 
surfaces  at  the  end  of  nonlubrication  testing  revealed  severe 
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scoring  and  heavy  pitting  at  the  pitchline  of  the  pinion 
member.  In  addition,  metal  debris  was  deposited  along  the 
tooth  surfaces.  The  gear  member  di- played  scoring  and  pitting 
similar  to  the  pinion,  but  with  less  severity;  the  tooth  surface 
of  the  gear  member  and  the  topland  were  rough  with  metal  that 
had  been  deposited  in  these  areas.  There  was  no  visible 
evidence  of  cracks  on  either  member.  Contact  patterns  were 
visible  on  the  coast  side  of  both  members,  indicating  that  the 
installation  backlash  was  insufficient  to  counteract  thermal 
expansion  during  the  nonlubrication  testing. 

VASCQ-X2  Gear  Set  Number  4  -  Visual  inspection  of  the  gear  tooth 
surfaces  at  the  end  of  nonlubrication  testing  revealed  heavy 
scoring  and  moderate  pitchline  pitting  of  the  pinion  member. 

The  gear  member  displayed  scoring  and  pitting  similar  to  the 
pinion,  but  with  less  severity.  Contact  patterns  were  visible 
on  the  coast  side  of  both  members,  however  they  were  much 
lighter  and  covered  less  area  than  any  of  the  previous  tests. 
There  was  no  visible  evidence  of  cracks  on  either  member. 

VASC0-X2  Gear  Set  Number  5  -  Visual  inspection  of  the  gear 
tooth  surfaces  at  the  end  of  nonlubrication  testing  revealed 
moderate  scoring  and  pitchline  pitting  of  the  pinion  member. 

The  gear  r.einber  displayed  similar  conditions,  but  with  less 
severity.  There  was  no  visible  evidence  of  cracks  on  either 
member . 

VASC0-X2  Gear  Set  Number  6  -  Visual  inspection  of  the  gear  tooth 
surfaces  at  the  end  of  non lubrication  testing  revealed  heavy 
scoring  and  moderate  pitchline  pitting  of  the  pinion  member. 

The  gear  member  displayed  similar  conditions,  but  with  less 
severity.  There  was  no  visible  evidence  of  cracks  on  either 
member. 


METALLURGICAL  E  ALUATION 

A  destructive  metallurgical  examination  was  performed  on  one 
baseline  spiral  bevel  pinion  (serial  number  A103)  subjected  to 
the  100-percent  load  level  and  run  for  13.5  minutes,  and  on 
■one  VASC0-X2  steel  spiral  bevel  pinion  (serial  number  A101) 
subjected  to  the  100-percent  load  level  and  run  for  23  minutes. 
The  results  of  nis  investigation  are  shown  in  Figures  18  and 
19. 

Both  test  piniai.s  displayed  excessive  wear  on  the  drive  sice 
of  the  tooth  profiles,  resulting  in  a  wearing  .away  of  most  of 
the  carburised  layer.  Plastic  flow  of  metal  from  the  drive 
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flank  over  the  tj.p  onto  the  coast  side  was  apparent  on  both 
test  pinions. 

In  general,  the  metallurgical  examination  revealed  that  both 
test  pinions  were  subjected  to  extremely  high  temperatures. 

The  VASC0-X2  pinion  displayed  streaks  of  radial  rehardening, 
shown  in  Figures  20  and  21.  cn  the  drive  flank  of  each  tooth. 

A  section  taken  through  one  of  these  localized  streaks  is 
shown  in  Figure  21.  It  is  estimated  that  this  area  was  sub¬ 
jected  to  a  temperature  in  excess  of  170G°F. 

Table  XII  presents  a  comparison  of  hardness  along  the  tooth 
profile  of  the  two  test  pinions  at  the  toe  and  heel  positions 
at  two  locations  180°  apart.  This  table  reveals  a  higher 
hardness  for  the  VASCO-X2  pinion  along  the  entire  tooth  profile 
and  in  the  tooth  core.  Figures  22  and  23  present  metallo- 
graphic  profiles  of  the  gear  teeth.  Figure  24  shows  effective 
case  dept,  of  selected  positions. 


Drive  Flank 


None rive  Flank 


(Note  amount  of  plasti. 


Figure  18. 


Baseline  Pinion  Gear  (A  103.)  After  13.5  Minutes 
of  Oil  Starvation  at  100-Pcrcent  Load. 


TABLE  XII.  HARDNESS  DETERMINATION 


Location  on  Teeth 


0°  Diameter 

Adjacent  to  surface  in  carburized  area 

Drive  flank  -  toe  position 

heel  position 

Nondrive  flank  -  toe  position 

heel  oosition 


Root 


Core  of  tooth 
{ approximate  ly 
0.1  inch  from 
surface) 


toe  position 
heel  position 

toe  position 
heel  position 


180°  Diameter 

Adjacent  to  surface  in  carburized  area 

E-ive  flank  -  toe  position 

heel  position 

Nondrive  flank  -  toe  position 

heel  position 

Root  -  toe  position 


Core  of  tooth 
( approx ima te ly 
0.1  inch  fro*n 
surface) 


Rockwell  "C"  Hardness 
Baseline  VASCO-X2 

Pinion  Pinion 

(A103)  (A101) 


30-32 

27-28 


46 

45-46 


toe  position 

42 

40 

heel  position 

39 

38 

toe  position 

49 

54 

heel  position 

45 

43 

toe  position 

48 

52 

heel  position 

44 

46 

toe  position 

33-36 

45 

heel  position 

30-31 

35-38 

. . . . . . .  i'il'm.i.lu 


0  0.020  0.040  0-G6u  0.080  u. 

EFFECTIVE  CASE  DEPTH  -  INCHES 

Figure  24.  Effective  Case  Depths  and  Hardness  Traverse 
Data  of  Drive  Flanks  at  the  ISO®  Position. 


CC^CLUSIOHS 


The  proposed  method  of  measuring  blank  temperature  by  the 
use  of  gages  during  the  non lubrication  testing  proved  to 
be  unsuccessful  due  to  exposure  of  the  gages  to  the  lubri¬ 
cating  oil  and/or  exposure  to  the  excessively  high  temper¬ 
atures.  A  substitute  method  employing  thermal  crayons  was 
utilised  as  a  backup-  This  method  can  only  be  used  at  the 
conclusion  of  the  individual  tests,  and  it  is  a  judgement 
evaluation  with  regard  to  color  change  in  a  specified  time 
interval.  Therefore,  the  accuracy  of  this  method  is  ques¬ 
tionable  as  to  the  determination  of  the  actual  gear-blank 
temperature.  However,  these  temperature  determinations 
were  used  as  index  numbers  for  comparisons  between  tests - 

Destructive  metallurgical  evaluation  of  both  a  9110  steel 
pinion  and  i  VASCO-X2  steel  pinion  (after  completion  of 
the  100-percent  load  nonlubrication  test)  revealed  consid¬ 
erable  metal  flow  in  both  cases-  This  would  conservatively 
indicate  pinion-blank  temperatures  exceeding  1100®F.  It 
is  therefore  concluded  that  gears  fabricated  from  different 
composition s  of  steel,  subjected  to  these  temperature 
levels,  will  not  provide  significant  improvements  in  son- 
lubricated  operating  time. 


This  test  program  utilised  spiral  bevel  gears  which  were 
reground  to  restore  the  tooth  surfaces-  The  regrind  in¬ 
creased  the  installation  backlash  by*  approximately  twice 
the  design  backlash.  Results  of  the  non lubrication  test¬ 
ing  at  the  85-percent  and  100-percent  load  levels  indicated 
that  contact  was  made  on  both  sides  of  the  teeth.  This 
was  evidenced  bv  the  resulting  coast  patterns  on  both  mem¬ 
bers  (pinion  and  gear).  This  indicates  that  even  with  the 
increased  backlash,  there  was  insufficient  clearance  to 
accommodate  thermal  expansion  during  the  non lubrication 
testing.  It  can  be  concluded  that  standard  backlash  could 
have  resulted  in  an  early  failure- 

Both  the  VASCO-X2  steel  spiral  bevel  gears  and  the  AISI 
9310  steel  spiral  bevel  gears  successfully  completed  non¬ 
lubrication  testing  for  30  minutes  at  the  75-percent  load 
level.  Visual  examination  of  the  gear  tooth  surfaces 
indicated  light  surface  distress  in  both  cases.  This 
would  indicate  that  the  operating  load  level  has  a  signif¬ 
icant  effect  on  gear  performance  in  a  noniufcricatec  envi¬ 
ronment.  However,  it  should  be  noted  that  this  test  was 
conducted  with  increased  backlash  and  in  the  moderate 
speed  regime  (pitchline  velocity,  5360  feet  per  minute) - 
Comparisons  should  be  restricted  to  designs  with  compa¬ 
rable  parameters. 
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Experimental  gear  testing  usually  results  in  significant 
data  scatter,  thereby  requiring  a  sufficient  number  of 
test  specimens  to  accomplish  a  statistical  evaluation  of 
the  test  results-  This  program  consisted  of  a  very  small 
number  of  test  specimens ;  consequently,  the  test  results 
generated  by  this  program  should  be  evaluated  with 
discretion. 
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RECOMMENDATIONS 


Based  on  the  results  obtained  free  the  experimental  testing 
and  from.  the  evaluation  performed  in  the  executicss  of  this 
program,  it  is  reccnmemded  that  further  work  be  directed  in 
the  following  areas: 


Conduct  a  destructive  metallurgical  examination  of  the 
YASCO-X2  steel  spiral  bevel  gears  and  the  AISI  9310  steel 
spiral  bevel  -gears  which  survived  the  75-percent  load 
testing  {nonlubrication} ,  to  establish  a  comparison  of 
the  effect  of  the  reduced  load  on  the  two  gear  materials . 

Conduct  an  experimental  test  program  with  AISI  9310 
(AMS6265)  and  VASCO— X2  steel  spiral  bevel  gears  operating 
under  conditions  of  ninimen  oil  flow  to  sustain  continued 
operation  for  at  least  30  minutes-  This  proposed  program 
would  provide  essential  data  for  the  design  of  emergency 
helicopter  transmission  lubrication  systems,  incorporating 
concepts  such  as  the  viscous  pump - 
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